Isothermal and nonisothermal crystallization kinetics of poly(L-lactide) and its nanocomposites with different multiwalled carbon nanotubes (i.e., pristine and functionalized) were investigated. The effects of chain extension and nanofiller content on the crystallization kinetics were also explored. The Avrami analysis was applied as a useful tool for the study of isothermal crystallization kinetics, which was also supported by optical microscopy observations. In addition, in nonisothermal crystallization process, the Avrami and Mo methodologies were used to study the crystallization kinetics as well as the evaluation of activation energy from isoconversional methods. The activation energy was always negative for the process driven by the secondary nucleation. Great differences were found between the studied samples, but activation energy values indicated a favored crystallization (i.e., less negative energies) when functionalized multiwalled carbon nanotubes were added at a concentration of 0.2 wt%. Cold crystallization was also influenced by the multiwalled carbon nanotube content due to the nucleating effect and the existence of geometrical constrictions that limited the size of crystalline domains. Small-angle X-ray scattering studies showed that the size of crystal lamellae after cold crystallization could vary by a magnitude of 3 nm depending on the way as the sample was previously cooled (i.e., by the presence of incipient crystalline domains).
Introduction
Studies on poly(L-lactide) (PLLA) are nowadays exponentially growing due to the performance of this polymer in various fields such as biomedical and packaging industries. [1] [2] [3] PLLA can be found either in both completely amorphous or semi-crystalline forms, depending on its chemical structure (i.e., the enantiomeric content) and the processing conditions. [4] [5] [6] [7] In addition, physicochemical characteristics of PLLA deserve deeper studies according to a more fundamental/basic point of view. It is well known that PLLA slowly crystallizes from the melt state, which allows preparing materials with tuned degrees of crystallinity and different lamellar morphologies by changing the thermal history.
(DSC) [15] [16] [17] were used to explore crystallization kinetics, structure, and morphologies of polymer crystals.
The inherent difficulty of PLLA to crystallize as consequence among other factors of the high stiffness of molecular chains are the reasons to focus on crystallization process using two different additives: (1) incorporation of nucleating agents such as nanoparticles to enhance the crystallization process, 18 (2) incorporation of additives with a plasticizing effect to decrease the glass transition temperature of the amorphous phase and the rigidity of the material. 19, 20 Recent research results have shown that applying the chain branching (i.e., connecting the terminal groups through a multifunctional chain extender) is an effective way to improve PLA processability as well as physical and mechanical properties. 21 It was found that chain extension of PLLA influenced the kinetics of both isothermal and nonisothermal crystallization. 7, 22 Multiwalled carbon nanotubes (MWCNTs) attract more attention among nanoparticles due to their high efficiency as nucleating agents and their ability to control both the degree of crystallinity and the crystallization kinetics. [23] [24] [25] The effect derived from the presence of MWCNT in the increase of nucleation has been extensively reported, but the detailed understanding of the role of MWCNT in the growth of polymer crystals remains a complex topic. It is generally believed that MWCNTs lead to a heterogeneous nucleation, which is typically much faster than the neat polymer. 26, 27 The effect of MWCNTs on polymer crystallization is similar to that of classical nucleation agents, which leads to an increase in crystallization temperatures, enhancement in nucleation density, and reduction of crystallization times. 28 In addition, CNTs interactions with the semicrystalline polymer may potentially alter the crystallization kinetics and the crystalline morphology. 29 Hu et al. 24 studied the mechanism of PLLA crystallization induced by MWCNTs using Fourier transform infrared spectroscopy (FTIR). They found that MWCNTs provided templates for the conformational ordering of PLLA by interaction of PLLA chains with MWCNT surfaces. This physical and/or chemical interaction resulted in -(COC þ CH 3 ) conformational changes that preceded equivalent changes of -CH 3 counterparts. Their work showed that it takes less time for pure PLLA and PLLA/pristine MWCNTs to complete crystallization than with carboxylated MWCNTs. Shie et al. 30 studied the effect of CNT grafted by PLA on crystal structure of PLLA by WAXS and SAXS. It was reported that both the thickness of crystal lamellae and amorphous layer thicknesses decreased after cold crystallization by addition of a sufficient concentration of functionalized MWCNTs (i.e., 2 wt% of MWCNTs). Recently, Chen et al. 25, 31 investigated the effect CNTs on the crystallization kinetics of PLLA and the generation of a transcrystalline structure around the nanotubes. This transcrystalline structure caused an increase of the crystallization temperature and improved the thermal stability of linear PLLA. The present study focuses on the effects caused in the crystallization by the incorporation of small amounts of functionalized and pristine MWCNTs, considering also their potential participation in chain extension processes that lead to PLLA samples with increased molecular weight. Recently, a multifunctional styrene-acrylicepoxy random oligomer (Joncryl Õ ) has been proposed as chain-extension agent for PLA during reactive extrusion. 32, 33 This type of chain extension process provides nonlinear polymer chains without crosslinked polymer chains. Al-Itry et al. 34 showed an improvement of the thermal stability of PLA through reactive extrusion of PLA with various amounts of multifunctional epoxide leading to an enhancement of the viscoelastic and mechanical properties. Cailloux et al. 35 suggested a competition between degradation, chain extension as well as branching reactions during processing with the incorporation of a styrene-acrylic multifunctional oligomeric agent on the PLA matrix. The present work deals about the isothermal and nonisothermal crystallization kinetics and the derived crystalline morphologies of this type of chain extended PLLA in the presence of MWCNTs. This topic has scarcely been studied to the best of our knowledge despite it deserves great interests due to the increasing attention received by multifunctional chain extension and obviously by the incorporation of MWCNTs. In addition to the obvious changes produced by the presence of nanoparticles in the derived spherulitic morphologies, special attention will be paid to the different lamellar sizes that can be developed in samples submitted to different thermal histories during the previous cooling from the melt.
Experimental section

Materials
Poly (L-lactide) (PLLA), grade 4032D, was purchased from Natureworks LLC, USA. It is a semi-crystalline material containing 2% of D-lactide units. MWCNTs (with average diameter, length, and specific surface area of 9.5 nm, 1.5 mm, and 250-300 m 2 /g, respectively) was provided by Nanocyl (Nanocyl7000 series, Belgium). Commercial multifunctional styrene-acrylic oligomers (BASF, Joncryl Õ ADR-4368) were used as a reactive agent. The sample is supplied in flake form and has the following physical characteristics according to the manufacturer: M n < 3000, epoxy functions (fn) > 4, PDI > 3, epoxy equivalent weight (EEW) ¼ 285 g/mol, and T g ¼ 55 C.
Sample preparation
Carboxylated MWCNTs were prepared through an acid oxidation process developed in a previous work. 36 This functionalization allowed achieving a good dispersion of MWCNTs in the PLLA matrix. The amount of carboxyl groups in f-CNTs was found 7.1 wt% by comparing the thermogravimetric (TGA) curves (in the 100 C-500 C range) of p-CNT and f-CNT. The mass loss at temperatures below 500 C, which corresponds to the degradation of carboxyl groups, offers a direct evidence for the acid oxidization degree. 37 It should be pointed out that the content could be slightly overestimated due to the presence of a minor amount of other organic matter.
PLLA/MWCNTs master batch with 5 wt% of MWCNTs was prepared by solvent casting using chloroform as solvent. In order to get nanocomposites with different MWCNT loadings and polymer molecular weights, the obtained masterbatch was melt compounded with the appropriate amounts of PLLA in the presence or absence of the selected chain modifier (i.e., Joncryl Õ ADR) for reactive and nonreactive melt mixing, respectively. A lab-scale internal mixer (Brabender mixer, PL2200) operating at 190 C and 60 r/min was used. Chain extender reactions were considered completed when a plateau in torque curves was achieved. This time was 15 min for the longest case and therefore was applied for all studied samples, including those prepared without Joncryl Õ . The amount of chain modifier was set to 0.5 wt% for all samples prepared via reactive melt mixing since it corresponds to a default of epoxy groups with respect the total content of carboxylic groups (i.e., from the polymer and the MWCNTs). In this way, all epoxy groups can be consumed during the chain extension reaction and the risk of having crosslinking reactions minimized. Dispersion state of MWCNTs in the PLLA and the effect of chain extension process on molecular weight and structure of PLLA were discussed in our previous works. 36, 38 The studied samples are named by the abbreviation PLLA/x-CNTy/Z. The lower case before CNT indicates pristine (p) or functionalized (f) fillers and the number after CNT shows its weight fraction in the nanocomposite. The upper case at the end of the code indicates reactive (R) or nonreactive (N) melt mixing, for example, PLLA/f-CNT0.2/N corresponds to the nanocomposite containing 0.2 wt% of functionalized MWCNTs prepared by nonreactive melt mixing, whereas PLLA/p-CNT0.2/R corresponds to the nanocomposite containing 0.2 wt% of pristine MWCNT during reactive melt mixing. Figure 1 summarizes the different studied samples and a possible chain extended structure where the styrene-acrylic multifunctional oligomeric chain is joined to both PLLA chains and MWCNTs. Thus, it can be hypothesized that the default epoxy groups of Joncryl can react in the melt state with the carboxylic groups of both polymer chains and nanotubes, giving rise to a certain ratio of this hybrid structure.
Measurements
Transmission electron microscopy (TEM, Philips TECNAI 10 operating at 80 kV) was used to evaluate the morphology and dispersion of MWCNTs in the prepared nanocomposites. Samples were cut in thin sections (i.e., 50-80 nm thick) using an ultramicrotome provided with a diamond knife.
Molecular weights and polydispersity index (PDI) were measured by gel permeation chromatograpy (GPC) using a liquid chromatograph (Shimadzu, model LC-8 A) equipped with an Empower computer program (Waters). A PL HFIP gel column (Polymer Lab 300 mm Â 7.5 mm) and a refractive index detector (Shimadzu RID-10 A) were employed. The polymer was dissolved and eluted in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) containing CF 3 COONa (0.05 M) at a flow rate of 0.5 mL/min (injected volume 100 mL, approximate sample concentration 1.5 mg/mL). The number and weight average molecular weights were calculated using poly(methyl methacrylate) standards. Melting and crystallization characteristics of samples were examined using a METTLER TOLEDO DSC1 system. Samples with 9 mg weight were encapsulated in aluminum pans and treated at heating/cooling ramps in the range of 25 C-200 C with the heating rate of 10 C/min and cooling rates of 2.5, 5, 7.5, and 10 C/min. In addition, isothermal crystallization was performed for all samples at three different temperatures (110 C, 120 C, and 130 C). Samples were heated to 200 C and rapidly cooled to the selected isothermal crystallization temperature after erasing thermal history by keeping the sample in the melt state for 2 min. Crystallization process at the selected temperatures needed a maximum of 50 min to complete. The applied atmosphere was nitrogen with a flow rate of 50 mL/min.
Optical micrographs were taken with a Zeiss Axioskop 40 Pol light polarizing microscope equipped with a Zeiss AxiosCam MRC5 digital camera. Temperature was controlled with a Linkam system having a THMS 600 heating and freezing stage connected to an LNP 94 liquid nitrogen cooling system.
Combined SAXS and WAXD experiments were carried out in the noncrystalline diffraction beamline, BL-11, at ALBA synchrotron light source (www.albasynchrotron.es). Polymer samples were confined between Kapton films and then placed on a Linkam hot stage with temperature control within AE0.1 C. Diffraction profiles were acquired during heating (10 C/min) and cooling runs in time frames of 10 s and different cooling rates (2.5, 5, 7.5, and 10 C/min) The energy of the incident photons was 12.4 keV or equivalently a wavelength, , of 0.1 nm. The SAXS diffraction patterns were collected by means of a photon counting detector ImXPAD S1400 with an active area of 152 Â 149.6 mm 2 , an effective pixel size of 130 Â 130 mm 2 and a dynamic range of 32 bits. The sample-to-detector distance was set to 6163 mm, resulting in a q range with a maximum value of q ¼ 2 nm À1 . Additionally, the WAXS diffraction patterns were collected by means of a 3 CCD detector Rayonix LX255-HS with an active area of 85 Â 255 mm 2 , an effective pixel size of 44 Â 44 mm 2 and a dynamic range of 16 bits. In this case, the sample-to-detector distance was set to 225 mm, corresponding to a maximum q value of 62 nm À1 . This detector was tilted with a pitch of 29.8 degrees.
The data reduction was treated by pyFAI python code (ESRF), modified by ALBA beamline staff, that is able to do on-line azimuthal integrations from a previously calibrated file. The calibration files were created from well-known standards, that is, silver behenate (AgBh) and Cr 2 O 3 for SAXS and WAXS, respectively.
Results and discussion
Morphology and molecular weight of nanocomposites
Figure 2(a) shows the increase of molecular weight of samples after performing the chain extension process using Joncryl Õ . Thus, weight average molecular weight increased from 180 AE 20 kg/mol to 400 AE 30 kg/ mol, being not detected a highly significant variation between the different nanocomposite preparations of a given series (i.e., with or without chain extender). Nevertheless, chain extension was slightly less effective for functionalized MWCNTs than for pristine samples due to the competitive reaction between carboxyl groups and the chain extender. Note, for example, that M w values of 428 and 358 kg/mol were determined for PLLA/p-CNT0.2/R and PLLA/f-CNT0.2/R samples, respectively. Polydispersity index (PDI) of all samples clearly increased after the chain extension process as presumable from the presence of a fraction of longer molecules generated by chain extension. Note that the variation on the number average molecular weight was less significant since it is less affected by the presence of large molecules.
Representative GPC molecular weight distributions of PLLA and their nanocomposites are shown in Figure 2 (b). It is clear the appearance of a shoulder in the spectrum of chain extended PLLA that corresponds to the longer molecules derived from the chain extension process. It is known that Joncryl chain extender can create star branch PLLA chains which elute from the GPC column sooner due to their bigger size.
MWCNT morphologies, aggregation state, and distribution inside the corresponding nanocomposite can be well distinguished in TEM micrographs as shown in Figure 3 for two representative samples. Differences between nanocomposites prepared from pristine and functionalized MWCNT samples (e.g., PLLA/p-CNT0.2/N and PLLA/f-CNT0.2/R) are highly relevant. Thus, agglomeration is typical for pristine nanotubes ( Figure 3 In other words, Since Joncryl has multiple reactive end groups, several PLA chains could be chemically bounded with one Joncryl molecule. In this way, a chain extended, branched or crosslinked structures and new bonding between PLA and carboxylated CNTs could be developed. It was also found that the degree of crosslinking (gel fraction) is less than 0.5% for all samples which is in good agreement with the study of Najafi et al. 32 The improved dispersion is a clear indication that a good interaction between the functionalized MWCNTs and PLLA chains was achieved as schematically shown in Figure 1 .
Isothermal crystallization
The isothermal crystallization of the PLLA/MWCNT nanocomposites was investigated for various MWCNT content, crystallization temperatures, and molecular weight of PLLA (i.e., with or without chain extension process). The exotherms at different crystallization temperatures are shown in Figure 4 for different representative samples and at different crystallization temperatures. It is obvious that the both functional and pristine CNT act as nucleating agents and increase the crystallization rate. Thus, heterogeneous nucleation was enhanced by incorporation of MWCNT with high surface area as then will also be discussed from optical microscopy studies. Figure 4 (a) shows that PLA chain extension resulted in a shift of the exothermic peak to longer times (blue arrows), implying that the crystallization rate decreased. On the contrary, the effect of functionalization was scarce although the exothermic peak temperature slightly decreased (red arrow and blue curves in Figure 4(a) and (b) ). Figure 4(b) shows the influence of crystallization temperature and MWCNT content for samples with similar molecular weight. Crystallization was logically faster (blue arrow) when temperature was decreased but a complex behavior was observed with variation of MWCNT contents (i.e., a maximum crystallization rate was observed for a 0.5 wt%). Results are summarized in Table 1 for all studied samples at the three different isothermal temperatures that were considered.
The isothermal crystallization kinetics of PLLA/ CNT nanocomposites was investigated by evaluating the degree of crystallinity as a function of time at a constant temperature. The relative crystallinity (X t ) for various crystallization times was calculated from the ratio of the area of the exothermic peak up to a time t divided by the area of the total exotherm.
The relative crystallinity with crystallization time was calculated using
where dH dt is the rate of heat evolution. The time evolution of relative crystallinity of representative PLLA/CNT nanocomposites is shown in Figure 5 (a). All curves exhibited a sigmoidal dependence with time, being detected the development of secondary crystallization when the degree of crystallinity reached values around 0.8-0.9. Secondary crystallization appeared at lower degrees of crystallinities when the MWCNT content increased (e.g., see PLLA/f-CNT0.2/R and PLLA/f-CNT0.5/R curves).
The time required for completion of crystallization was shorter when CNT was incorporated and logically shorter when crystallization temperature decreased. Crystallization enthalpy, as a measurement of the absolute degree of crystallinity, was lower for related samples (i.e., having similar content and type of nanofiller) when crystallization temperature decreased and also when chain extension was performed due to higher molecular weight and different chain structure. 
where X t is the relative degree of crystallinity, n is the Avrami constant, k is the overall crystallization rate constant, t is the relative crystallization time, n is the Avrami exponent dependent on the nucleation mechanism and the crystal growth geometry, and 1/2 is the crystallization half time.
The values of n and Z can be obtained from the slope and the intercept in the origin of ln (Àln (1 À Xt)) versus ln (t) plots, respectively. The theoretical values of crystallization half time calculated from the Avrami equation ( 1/2 ) can be compared with experimental values directly obtained from relative crystallinity curves (i.e., the time required to reach a crystallinity of 0.5) in order to verify the goodness of the Avrami analysis (Table 1) .
Comparison between the kinetic data determined for the different systems allows deducing the following general trends: and 0.091 min À1 were determined for PLA/CNT0/ N and PLA/CNT0/R samples, respectively, at a crystallization temperature of 110 C. The effect of molecular weight was studied before 40 and it was found that it significantly affects the crystallization kinetics, decreasing the crystallization rate by the increase of molecular weight. 5. The overall crystallization rate increases with the nanofiller content (e.g., 0.091 min À1 , 0.216 min À1 , and 0.232 min À1 for PLLA/CNT0/R, PLLA/f-CNT0.2/R, and PLLA/f-CNT0.5/R samples, respectively, at 110 C), suggesting a clear nucleation effect. Nevertheless, differences between samples having 0.2 and 0.5 wt% were very scarce for the higher temperatures of 120 C and 130 C. These results are in good agreement with previously reported results. 41 6. The overall crystallization rate of composites having functionalized nanotubes was slightly higher than that determined for composites derived from pristine nanotubes (e.g., 0.174 min À1 and 0.210 min À1 for PLLA/p-CNT0.2/R and PLLA/f-CNT0.2/R samples, respectively, at 120 C). In this case, functionalization seems to improve the nucleation effect due to Optical microscopy studies were also performed in order to see the effect of nucleation and compare the crystal growth rates. Figure 6 shows optical micrographs for crystallizations carried out at different temperatures for two representative systems: PLLA/CNT0/ R and PLLA/f-CNT0.2/R, which allow understanding the role displayed by nanotubes in the crystallization process. Spherulites with a fibrillar morphology were always developed, being their diameter lower as crystallization temperature decreased as consequence of the increased nucleation. Sizes were also clearly smaller with the incorporation of nanotubes, demonstrating their nucleation effect. Thus, for example, 9600 and 190 nuclei/mm 2 were measured for samples with and without nanotubes crystallized at 130 C. Nucleation was practically athermal and consequently the number of nuclei was kept constant along crystallization time. Figure 7 compares the spherulitic growth rates evaluated for the same samples, being clear that the presence of nanotubes played a very scarce influence. However, a slight decrease on the crystallization rate was observed when nanotubes were incorporated. This feature seems an indication of a disturbing effect on the motion of polymer chains, which appear more relevant at the assayed temperature of 110 C (i.e., 2.22 mm/min with respect to 2.10 mm/min) where crystallization becomes limited by the chain transport energy. It is also clear that the effect of nanotubes on the crystal growth rate is scarce in comparison with their influence on nucleation.
Nonisothermal crystallization from the melt
Crystallization kinetic analysis from nonisothermal conditions is rather more complicated since crystallization becomes a succession of processes performed under different degrees of supercoolings. Nevertheless, this study is highly interesting since samples are usually processed under nonisothermal conditions. DSC cooling traces were recorded for the studied polymers and nanocomposites to get data from the crystallization peaks as a function of temperature and time (after appropriate unit conversion). Calorimetric data were used to determine the relative degree of crystallinity at any temperature, X(T), for all cooling rates by the expression
where dH c is the enthalpy of crystallization released within an infinitesimal temperature range dT, T 0 denotes the initial crystallization temperature and T c and T 1 are the crystallization temperatures at time t and after completion of the crystallization process, respectively. Thus, the denominator corresponds to the overall enthalpy of crystallization for specific heating/cooling conditions. The crystallization temperature, T c , can be converted to crystallization time, t, using the well-known relationship for nonisothermal crystallization processes which is strictly valid when the sample experiences the same thermal history as designed by the DSC
where T 0 is the temperature at which crystallization begins (t ¼ 0) and a is the value of the cooling rate.
Variation of the time-dependent degree of crystallinity, X t , determined from equations (6) and (7) allows a typical Avrami analysis to be performed according to equations (2) to (4) . Figure 8 (a) compares the crystallization exotherms, the evolutions of X t and X T and the Avrami plots for several PLLA and nanocomposite samples at the lower cooling rate (i.e., 2.5 C/min), while values of main crystallization parameters at the four cooling rates are summarized in Table 2 .
Avrami analyses lead to the following conclusions, which in general are similar than those determined from the isothermal study:
1. The Avrami exponent had values in the interval between 2.39 and 3.12 (average value of 2.72), which are substantially higher than those determined from isothermal conditions, although still pointed out that generally a heterogeneous nucleation and a spherulitic growth was characteristic. Cautions should be taken since it is known that analyses may lose physical sense in nonisothermal studies and the exponent could merely correspond to a fitting parameter. In this sense, note that some high exponents like 3.12 were determined, being these values always detected at the lowest cooling rate where effects corresponding to a sporadic nucleation (theoretical exponent of 4 for a spherulitic morphology) could not be completely discarded. Significant differences between the Avrami exponents evaluated for the studied samples were not detected. The exponent tended to diminish with the increase of the cooling rate, suggesting that higher geometric constrictions existed when the samples were rapidly crystallized. 2. The overall crystallization rate logically increased when the cooling rate increased. 3. The overall crystallization rate did not change significantly or even increased when chain extension was performed (0.303 min À1 and 0.310 min À1 for PLLA/CNT0/N and PLLA/CNT/R, respectively, at 2.5 C/min). This result seems in contradiction with that attained from isothermal crystallization. Note however, that the high molecular sample may crystallize before (i.e., high T c value) since a lower supercooling is required. 4. The overall crystallization rate was maximum for a nanofiller content of 0.2 wt%, suggesting an agglomeration effect when the content was 0.5 wt%. This difference could be observed at low cooling rates (0.430 min
À1
and 0.406 min
for PLLA/f-CNT0.2/R and PLLA/f-CNT0.5/R, respectively at 2.5 C/min), but not under isothermal conditions. 5. The overall crystallization rate of composites having functionalized nanotubes was higher than that determined for composites derived from nonfunctionalized nanotubes (e.g., 0.370 min À1 and 0.430 min
for PLLA/p-CNT0.2/R and PLLA/f-CNT0.2/R samples, respectively, at 2.5 C/min). In this case, functionalization seems again to improve the effectivity of nucleation due to better dispersion of nanotubes in the polymer matrix. The preceding and the present point indicate that incorporation of 0.2 wt% of functionalized MWCNTs lead to the higher crystallization rate. 6. Final crystallinities were logically higher for all samples when the cooling rate decreased. Furthermore, the incorporation of 0.2 wt% of functionalized MWCNTs lead to an increase of the final crystallinity.
A completely different approach to perform nonisothermal studies was developed by Mo and coworkers. 43 They proposed a different kinetic model by combining the well-known Ozawa and Avrami equations. As the degree of crystallinity was related to the cooling rate a and the crystallization time t or temperature T c, a relationship between a and t was defined for a given degree of crystallinity
where F(T c ) refers to the value of cooling rate that should be chosen at unit crystallization time, when the system reaches a certain degree of crystallinity, b is the ratio between Avrami and Ozawa exponents. According to equation (8) at a given degree of crystallinity the plot of ln a against ln t will give a straight line with an intercept of ln F(T c ) and a slope of Àb. Linear plots were derived for all studied systems, as shown in Figure 9 for a representative sample, being consequently possible to determine F(T c ) and b values as summarized in Table 3 .
Values of b were close to 1 when samples were not loaded with MWCNTs (i.e., average value of 1.17) and consequently a good agreement was found between exponents calculated through the Avrami and Ozawa models. Incorporation of MWCNTs lead to a higher average value (i.e., 1.74) and specifically the highest deviation was found for the PLLA/f-CNT0.2/R sample (2.13).
More interestingly F(T c ) values increased with the relative degree of crystallinity and furthermore changed according to the MWCNT content and their functionalization. Thus, values compared for the different samples at a given conversion indicate a good agreement between the deduced trends from nonisothermal crystallization rates (i.e., k). Thus, the highest F(T c ) values corresponded to PLLA/f-CNT0.2/R, while lower values were found when other contents were considered (i.e., F(T c ) was lower for a 0.5 wt%). Lower F(T c ) values were also determined when nonfunctionalized MWCNTs were incorporated. It is also interesting to note that results were more confuse when PLLA/ CNT0/R and PLLA/CNT0/N samples were compared since the chain extended sample displayed lower F(T c ) values at low conversion and higher at high conversions, a feature that may be somehow related with the controversial results attained from isothermal and nonisothermal analyses of these two samples.
A third kind of nonisothermal analyses correspond to the evaluation of the effective energy barrier for the crystallization process. The differential isoconversional method of Friedman 44 and the advanced integral isoconversional method of Vyazovkin 45 are probably the most usual methodologies. The method of Friedman is based on the equation where dX/dt is the instantaneous crystallization rate as a function of time at a given conversion. According to this method, the X(t) function obtained from the integration of the experimentally measured crystallization rates is initially differentiated with respect to time to obtain the instantaneous crystallization rate, dX/dt. Furthermore, by selecting appropriate degrees of crystallinity (i.e., from 5% to 95%) the values of dX/dt at a specific X are correlated to the corresponding crystallization temperature at this conversion, that is, T X . Then by plotting the left hand side of equation (9) with respect to 1/T X , a straight line must be obtained with a slope equal to DE X /R. As an example, plots of ln(dX/dt) versus 1/T X for the PLLA/f-CNT0.2/R at different relative crystallinities are given in Figure 10 (a). Bell shape curves are obtained at different cooling rates, permitting thus the calculation of the effective energy barrier at different degrees of crystallinity. The dependence of the effective energy barrier with the extent of relative crystallinity and the average temperature for the neat PLLA and PLLA/CNT nanocomposites incorporating 0.2 and 0.5 wt% of functionalized MWCNTs are shown in Figure 10(b) and (c) .
Values of DE clearly increased with the increase of the relative degree of crystallinity (Figure 10(b) ), which means with decreasing crystallization temperature (Figure 10(c) ). In all cases, the effective activation energy took great negative values at low degrees of crystallinity that is at low supercooling degrees. Note that at these temperatures close to the melting point, the crystallization process is mainly dominated by the secondary nucleation process and not from the molecular transport. Activation energy increased progressively (i.e., the crystallization rate increased) as the temperature decreased, as discussed by Vyazovkin and Dranca. 46 This feature shows the expected behavior for crystallizations performed at temperatures higher than those associated with the maximum crystallization rate (i.e., higher than those were the process was controlled by the energy transport barrier). Comparison of the activation energies for nanocomposites having 0.2 and 0.5 wt% of functionalized nanotubes showed a great similarity except at very low supercoolings where the crystallization process seems to be enhanced for samples with the 0.2 wt% content, This feature is in agreement with the nonisothermal Avrami analysis that pointed out a lower crystallization rate when the cooling rate was the lowest (i.e., 2.5 C/min). Activation energy was clearly more negative for the neat PLLA supporting again a more difficult crystallization process. In fact, it has been indicated from Lauritzen-Hoffman analysis of secondary nucleation that the incorporation of MWCNTs into a polymer matrix can lower the work required in folding the macromolecular chains. [47] [48] [49] In addition, a different behavior was found in the work of Papageorgiou et al. 18 which studied the effect of filler type on nonisothermal crystallization of PLA. In their work, among the three nanofiller (i.e., fumed silica nanoparticles, montmorillonite (MMT), and oxidized MWCNT), the MWCNT influenced the activation energy more than other filler especially at the beginning of crystallization.
SAXS and WAXD studies on the cold crystallization process of polylactide and its nanocomposites with MWCNTs Figure 11 shows the WAXD profiles taken during the heating of samples which cooled at different cooling rates from the melt state. It is obvious that completely amorphous and semicrystalline samples can be obtained depending on the cooling process as can be deduced from the trend shown in Table 2 . All samples, as it is also well-known for PLLA, are susceptible to cold crystallize in a subsequent heating run, being interesting to determine the role played by the incorporation of MWCNTs.
According to the WAXD spectra shown in Figure 12 , PLLA and its nanocomposites always crystallized according to a packing of molecules having a 10 3 helical conformation, being possible both the named a and a 0 structures. 50, 51 The typical diffraction pattern has strong Bragg peaks at 0.542, 0.472, and 0.403 nm which could be indexed as the (200) depending on the sample and the cooling rate. Patterns in Figure 12 showed that samples were amorphous after being quenched from the melt and were able to cold crystallize in a different degree, depending on the percentage of MWCNTs that was incorporated. Specifically analyses were performed for chain extended PLLA incorporating 0, 0.2, and 0.5 wt% of functionalized MWCNTs, being logically increased the relative intensity of the amorphous halo when the MWCNT content increased.
SAXS analyses would be useful to evidence if the selected cooling rate and the presence of MWCNTs had an influence on the morphology of crystals obtained after cold crystallization. Note that the similar densities of the amorphous and crystalline phases of PLA at room temperature precluded an analysis of the sample after crystallization from the melt state. On the contrary, a SAXS peak was clearly distinguished after the cold crystallization process that took place around 140 C. All studied samples had a clear SAXS peak after cold crystallization as shown in Figure 13 (a) for PLLA as a representative sample. This peak was analyzed through a typical electron density correlation function, K(z), as shown in Figure 13(b) . Under the assumption of a biphasic model consisting of an Table 4 . Structural parameters of pure PLLA and PLLA with 0.2 and 0.5 wt% f-CNT at the end of cold crystallization.
Sample
Cooling rate ( C/min) Note: Samples were previously cooled from the melt at the indicated rates. Figure 13 . Typical SAXS observed after cold crystallization (T ¼ 140 C) of PLLA/CNT0/R (a) and one-dimensional electron density correlation function K(z) for pure PLLA and PLLA with 0.2 and 0.5 wt% of functionalized MWCNTs. Samples were cooled from the melt at a cooling rate of 10 C/min and then heated at a rate of 10 C/min.
alternately stacked structure of crystalline and amorphous layers, K(z) is defined by the following equation 52 KðzÞ ¼ 2
where I(q) is the experimental SAXS intensity at a given q, and z is the correlation distance. Various points of the K(z) curve are useful to get morphological parameters. The deduced thickness of the amorphous layer (l a ), the mean lamellar thickness (l c ), and the long period (L ¼ l a þ l c ) are tabulated in Table 4 . For all samples, the values of l a , l c , and L decreased when the cooling rate decreased. It seems that the cold crystallization process could render bigger crystalline entities in the absence of previously formed crystalline domains (i.e., when samples were rapidly cooled). By contrast, geometrical constrictions lead to smaller crystalline entities. This effect had also a great repercussion on the morphology of cold crystallized samples when MWCNTs were added ( Figure 14) . The higher crystallinity attained after cooling when the nucleating effect was high (i.e., when NWCNTs were present) lead to smaller crystalline domains.
Conclusions
A crystallization study has been performed with the PLLA/MWCNT system where effects caused by chain extension, functionalization of MWCNTs and the incorporated amount were evaluated. Similar results concerning the overall crystallization rate were found through isothermal and no-isothermal calorimetric methods. In essence, the following features can be emphasized:
The overall crystallization rate decreased for chain extended systems, being MWCNTs involved also in the reaction process. Functionalization of MWCNTs slightly increased the crystallization rate due to an improved compatibility with the polymer matrix.
The content of MWCNT had a higher influence on the crystallization rate, being optimal content close to 0.2 wt%. The nonisothermal crystallization analyses pointed clearly out the negative effect derived from an increase of such content.
Optical microscopy observations revealed a better dispersion of MWCNTs for the indicated 0.2 wt% and a clear nucleating effect.
Crystallization took place according to a spherulitic growth and a heterogeneous nucleation, being some constrictions detected at high supercooling degrees or at high cooling rates.
Influence of nanoparticles on the crystal growth rate was scarce in comparison with primary nucleation and mainly had a weak influence on the crystallization process governed by secondary nucleation. This feature was also confirmed through calculations of activation energy during non-isothermal crystallization process. Large differences were specifically determined between pristine PLLA and the derived nanocomposites. Furthermore, activation energies were also useful to demonstrate the higher effectivity to enhance crystallization for samples having 0.2 wt% of nanotubes.
SAXS studies showed that the incorporation of MWCNTs has some influence on the lamellar morphology attained during cold crystallization processes. In any case, the effect was highly dependent on the way as the samples were previously cooled from the melt and specifically on the pre-existence of crystalline domains before starting cold crystallization.
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